For centuries, anatomists and physiologists have recognized that structural and functional differences exist between cardiac chambers and that cardiac diseases can affect specific regions of the heart. Yet, our knowledge of the molecular profile of the different cardiac chambers and how it relates to the causes, manifestations or treatment of disease remains limited. Advances in biochemistry and molecular biology, and more recently the availability of high throughput transcriptomics, have improved our understanding of the molecular composition of the heart ([@B1]) and its chambers ([@B2]). However, interpretation of transcriptomic data is limited by the fact that transcript abundance is an imperfect proxy for abundance and dynamics of the encoded protein. Quantitative high-resolution proteomics offers an unbiased approach to the identification of chamber-specific protein expression patterns and their relation to cardiac function.

Recent large-scale proteomic studies have focused on mapping the human proteome across all major organs ([@B3], [@B4]), but do not provide the necessary resolution for understanding chamber-specific function and pathophysiology. Prior studies have reported unique protein expression patterns in the human heart ([@B5][@B6]--[@B7]). However, those studies relied mainly on necropsy material collected hours after time of death. We therefore set out to obtain an in-depth quantitative study of the protein expression landscape in heart samples collected from living individuals (*i.e.* collected *in vivo*) and its relation to disease states.

Cardiac tissue acquisition in live humans is limited by obvious ethical considerations. On the other hand, mitral valve replacement consequent to mitral valve prolapse (MVP) is a surgical procedure that permits access to tissue from right (RA) and left atria (LA) and from the left ventricle (LV) without added risk. Furthermore, MVP is not a primary cardiac muscle disease and as such, the state of the atrial and ventricular tissue is only deviated from normal to an extent secondary to the valve dysfunction.

Here, we report data obtained from samples collected during mitral valve replacement surgery in seven males. For all patients, chamber dilation was limited to the LA, allowing a comparison of a dilated (LA) *versus* non-dilated (RA) atrial proteome. None of our patients presented persistent atrial fibrillation (AF), thus giving us the opportunity to investigate the proteome of the dilated LA in a non-AF stage. We confirmed our findings on protein changes in the dilated LA in an independent replication experiment analyzing proteomes of three additional individuals undergoing mitral valve replacement surgery. Moreover, we studied tissue from the LA and RA of a patient with persistent atrial fibrillation to assess the abundance of proteins that were separately found to be differentially expressed in the pre-AF stage. The LV of the ten patients undergoing mitral valve surgery included in this study was electrically and structurally within normal boundaries (no arrhythmias; normal chamber dimensions and normal left ventricular ejection fraction). Taking advantage of the latter, we generated for the first time a comprehensive catalogue and comparative proteome of the LV from living hearts. Finally, given that we collected tissue from living humans, we were able to compare our data to those previously published ([@B7]), obtained from material collected several hours post-mortem. This comparison allowed us to define the limits of the use of necropsy material to draw conclusions about the proteome of living hearts.

MATERIALS AND METHODS
=====================

For full description of materials and methods, please see the Supplementary Materials.

### 

#### Experimental Design and Statistical Rationale

Our study is based on seven biological replicates of biopsy samples from three cardiac chambers (LA, RA, LV). Based on 21 samples fractionated into 12 fractions before MS analysis, a total of 252 MS measurements were performed. No technical replicates were performed. MS measurements of each fraction were performed back-to-back in order to minimize technical variability within each measured fraction, and at the same time distribute technical variability evenly across biological replicates. Our results were validated against an independent cohort of three biological replicates from each cardiac chamber where sample acquisition, laboratory workflow and MS measurements were performed completely independently form the original cohort. The number of biological replicates was chosen based on sample availability from the clinic.

Statistical significance of differential protein expression across chambers was determined by volcano plot analysis based on a permutation-based false-discovery rate (FDR) cutoff ([@B8], [@B9]). This FDR approach employs a combination of Student\'s *t* test *p* value and fold-change enrichment to determine whether a protein is deemed significant, because both low *p* values and high fold changes are indicative of a biologically important finding.

#### Tissues and Peptide Preparation

Tissue biopsies were collected from LA, RA and LV of patients undergoing mitral valve surgery. Tissue samples were snap-frozen in a container with liquid nitrogen while still in the operating room. All patients gave informed consent to the procedure prior to operation and the procedure conform with the principles outlined in the Declaration of Helsinki. Frozen tissue biopsies were homogenized on a Precellys24 homogenizer (Bertin Technologies, France) in tissue incubation buffer (50 m[m]{.smallcaps} Tris-HCl pH 8.5, 5 m[m]{.smallcaps} EDTA, 150 m[m]{.smallcaps} NaCl, 10 m[m]{.smallcaps} KCl, 1% Triton X-100, 5 m[m]{.smallcaps} NaF, 5 m[m]{.smallcaps} beta-glycerophosphate, 1 m[m]{.smallcaps} Na-orthovanadate, containing 1× Roche complete protease inhibitor) with ceramic beads (2.8 and 1.4 mm zirconium oxide beads, Precellys). Homogenates were incubated for 2 h at 4 °C (20rpm), centrifuged (15,000 × *g*, 20 min, 4 °C) and soluble fractions transferred to chilled 1.5 ml tubes. Protein was precipitated and resuspended in Guanidine-HCl buffer (Gnd-HCl; 6MGnd-HCl, 50 m[m]{.smallcaps} Tris HCl pH 8.5, 5 m[m]{.smallcaps} NaF, 5 m[m]{.smallcaps} beta-glycerophosphate, 1 m[m]{.smallcaps} Na-orthovanadate, containing 1× Roche complete protease inhibitor). Disulfide bridges were reduced and cysteine moieties alkylated by addition of 5 m[m]{.smallcaps} Tris(2-carboxyethyl)phosphine (TCEP) and 10 m[m]{.smallcaps} chloroacetamide (CAA) and incubation in the dark at room temperature for 15 min. Up to 1 mg protein was digested in-solution by addition of endoproteinase Lys-C (Trichem ApS, Denmark; 1:100 enzyme/protein ratio) for 1.5 h at 30 °C, 750 rpm in the dark, followed by dilution (1:12 with 50 m[m]{.smallcaps} Tris-HCl pH8) and digestion with trypsin overnight (14h) at 37 °C, 750rpm (Life technologies, 1:100 enzyme/protein ratio). Reactions were quenched by trifluoroacetic acid. Soluble fractions were desalted and concentrated on C~18~ SepPak columns (Waters, MA).

#### Offline High pH Fractionation of Peptide Samples

Of each sample, 50--100 μg peptide (in 10 μl injection volume) was fractionated by micro-flow reverse-phase ultrahigh pressure liquid chromatograpy (UPLC) on an Dionex UltiMate 3000 UPLC system (Thermo Scientific) equipped with an ACQUITY UPLC CSH C~18~ Column (130Å, 1.7 μm, 1 mm × 150 mm) at 30 μl/min flow rate, essentially as previously described ([@B10]). Outflow was collected in 1-min intervals into 12 concatenated fractions in the autosampler.

#### LC-MS/MS Measurements

Fractionated peptide samples were analyzed by online reversed-phase liquid chromatography coupled to a Q-Exactive HF quadrupole Orbitrap tandem mass spectrometer (LC-MS/MS, Thermo Electron, Bremen, Germany). Peptide samples were brought to concentration of 0.2 μg/μl (diluted in 5% ACN, 0.1% TFA) in 96-well microtiter plates and autosampled (5 μl injection volume) into a nanoflow Easy-nLC system (Proxeon Biosystems, Odense, Denmark). Peptide samples were separated on 15 cm fused-silica emitter columns pulled and packed in-house with reversed-phase ReproSil-Pur C~18~-AQ 1.9 μm resin (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) in a 1 h multi-step linear gradient (0.1% formic acid constant; 2--25% ACN in 45 min, 25--45% ACN in 8min, 45--80% ACN in 3 min) followed by short column re-equilibration (80--5% ACN in 5 min, 5% ACN for 2 min). Column effluent was directly ionized in a nano-electrospray ionization source operated in positive ionization mode and electrosprayed into the mass spectrometer.

Full-MS spectra (375--1500 *m*/*z*) were acquired after accumulation of 3,000,000 ions in the Orbitrap (maximum fill time of 25 ms) at 120,000 resolution. A data-dependent Top12 method then sequentially isolated the most intense precursor ions (up to 12 per full scan) for higher-energy collisional dissociation (HCD) in an octopole collision cell. MS/MS spectra of fragment ions were recorded at resolution of 30,000 after accumulation of 100,000 ions in the Orbitrap (maximum fill time of 45 ms).

#### Data Analysis

Raw MS data was processed using the MaxQuant software ([@B11]) version 1.5.3.30 (Max-Planck Institute of Biochemistry, Department of Proteomics and Signal Transduction, Munich) and proteins identified with the built-in Andromeda search engine. All peptides were used for protein quantification, and label-free quantification (LFQ) was performed in MaxQuant with fast LFQ option enabled. Protein identification results were further processed using the Perseus software suite ([@B8]).

To remove minor technical variation between samples, quantile normalization of raw intensities was performed based on the Bioconductor R package LIMMA ([@B12]).

RESULTS
=======

### 

#### Patient Population

All seven patients were male, middle aged (average 50 years), normal weight (average BMI 23.6), and had mitral valve regurgitation with dilated left atria and a normal left ventricular ejection fraction. Details are provided in [supplemental Table S1](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1). Details related to patients in the replication cohort as well as related to a patient with atrial fibrillation are included in the same table. Electrocardiographic recordings from the ten patients undergoing mitral valve surgery detected only normal sinus rhythm and patients did not report palpitations or other symptoms suggestive of atrial fibrillation.

#### Sample Acquisition, Preparation and Analysis

Cardiac biopsies were collected from the RA, LA, and LV during mitral valve surgery. The tissue was snap-frozen immediately after collection. Right ventricular samples were not accessible because of the surgical approach. Cardiac samples were homogenized and proteins extracted by detergent-based solubilization followed by enzymatic cleavage by endoproteinase Lys-C and trypsin. The generated peptides were pre-fractionated into 12 fractions ([@B10], [@B14]) followed by high-resolution mass spectrometry measurement of each fraction on a Q-Exactive HF Orbitrap instrument ([Fig. 1](#F1){ref-type="fig"}*A*). Proteome analysis resulted in 130,728 peptides covering 7314 protein groups ([Fig. 1](#F1){ref-type="fig"}*B*). Of these, 6999 proteins were identified by at least 2 peptides ([supplemental Table S2](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). The mass spectrometry (MS) based intensity measurements of protein abundance spanned seven orders of magnitude, highlighting a high dynamic range of the dataset ([supplemental Fig. S1*A*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). As expected for a comprehensive dataset, the majority of cardiac proteins (6766 or 93%) were identified in all chambers, whereas less than 200 proteins were identified in only one chamber ([Fig. 1](#F1){ref-type="fig"}*B*). Proteins were on average identified based on 23 peptides, 14 of which were unique, resulting in a mean sequence coverage of 37% and mean unique sequence coverage of 30%. The present study provides the largest dataset of cardiac protein expression evaluated from human samples collected *in vivo*.

![**In-depth human cardiac proteome across chambers identified 7314 proteins from live tissue biopsies.** *A*, High-resolution LC-MS/MS proteomics workflow for deep proteome measurements of freshly isolated cardiac biopsies from seven live individuals undergoing mitral valve surgery. *B*, In total 7,314 proteins were identified across left ventricle, right atrium and left atrium from the seven patients (H1-H7). The Venn diagram shows overlap between protein identifications in each chamber (6766 proteins identified in all chambers). *C*, Principal component analysis (PCA) shows distinction of samples according to chambers, with 19.2% of the variation in the dataset being explained by differences between ventricle and atria along PCA component 1. Separation of right and left atrial samples was observed along components 2 and 4 (12.6%, and 6.8%). *D*, Unsupervised hierarchical clustering of cardiac proteome samples shows clustering of ventricular and atrial samples (columns) according to protein expression profiles (rows). For three proteins with known chamber-specific expression, protein intensities are displayed at the bottom. *E*, Extent of unspecific protein degradation evaluated by fraction of semi-tryptic peptides for cardiac samples collected post mortem ([@B7]), our cardiac proteomes, and of a HeLa proteome. *LA*: left atrium, *RA*: right atrium, *LV*: left ventricle, *UPLC*: ultra-high pressure liquid chromatography, *MS*: mass spectrometry, *n.d.*: not detected. Data based on biopsy measurements of seven individuals: 7 RA biopsies, 6 LA biopsies, 7 LV biopsies are underlying this analysis.](zjw0062061360001){#F1}

#### Data Quality and Chamber-specific Data Segregation

To perform a quantitative analysis of protein expression across cardiac chambers, we quantile normalized measured protein intensities ([@B12]) and assessed data quality. Our data showed minimal technical variation, as evidenced by only minor differences in intensity distributions prior to normalization and by Pearson correlation coefficients of ≥0.87 for protein intensities across samples ([supplemental Fig. S1*A*--S1*B*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). Furthermore, most proteins (≥90%) in each cardiac chamber were identified in at least three patient samples, ensuring that comparative analyses across chambers were performed on replicate measurements ([supplemental Fig. S1*C*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). To evaluate main protein abundance differences between chambers, we performed principal component analysis (PCA). This revealed that biological variation between atria and ventricle was greater than any other difference in the dataset, including disease status, medication or age (*i.e.* 19% of variance in the dataset explained along component 1, [Fig. 1](#F1){ref-type="fig"}*C*). Main drivers of this segregation included well-known marker proteins of the ventricle and the atria ([supplemental Fig. S1*D*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)), such as the atrial natriuretic peptide (NPPA) and Connexin-40 (GJA5) in atrial tissues, and ventricular myosin light chain in the ventricles (MYL3) ([Fig. 1](#F1){ref-type="fig"}*D*). Unsupervised hierarchical clustering of protein intensity profiles across chambers yielded two main clusters separating ventricular and atrial samples, as well as partial separation among right and left atrial samples ([Fig. 1](#F1){ref-type="fig"}*D*). When analyzed independently from the ventricular samples, PCA of left and right atria clustered into two distinct groups ([supplemental Fig. S1*E*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)), thus allowing for differential LA *versus* RA proteome characterization. We assessed the impact of blood protein contamination in the individual chambers and found that blood proteins were present, as expected for tissue samples, but at similar amounts across all chambers ([supplemental Fig. S2](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). Taken together, these results support that our data are of sufficient quality to perform in-depth analyses of global protein expression differences between chambers.

#### Comparative Analysis Against Proteomic Data from Necropsy Samples

A key feature of the cardiac biopsies studied here is that they were collected from living individuals and immediately frozen in the operating room. This contrasts with previous datasets acquired at a similar measurement depth, which were obtained from dead individuals and collected at time of necropsy ([@B7]). We found that necropsy material presented increased unspecific proteolysis compared with samples collected *in vivo*. Specifically, analysis of freshly isolated biopsy material leads to less unspecific protein degradation ([Fig. 1](#F1){ref-type="fig"}*E*): 18% of all peptides from necropsy material were semi-tryptic, whereas the same was the case for 8% of the peptides from freshly isolated biopsies. The greater proportion of semi-tryptic peptides in necropsy samples indicate increased unspecific proteolysis because of post-mortem protein degradation. Presence of substantial amounts of degraded peptides, and thus MS precursor peaks, raises concern whether peptides matched on MS1 level through match-between-runs represent degradation products, thereby affecting protein quantifications ([supplemental Fig. S3*A*--S3*B*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). Quantification of protein abundances based on necropsy biopsies is further challenged by heterogeneous proteolysis across chambers. Overall, our analyses suggest that unspecific protein degradation in necropsy samples can lead to a skewed impact on protein quantification ([supplemental Fig. S3*C*--S3*F*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)) and analysis of proteome data acquired from of post-mortem samples needs to consider unspecific protein degradation. Our analysis suggests that, for studying quantitative differences in protein abundance, analysis of freshly collected tissue biopsies is preferential.

#### Annotation of GWAS Loci Associated with Mitral Valve Prolapse Retrieves Highly Abundant Gene Candidates

Our data revealed the proteome of the hearts of MVP patients, offering insights into protein expression to complement genomic studies. An existing GWAS data set previously identified six MVP susceptibility loci (Dina *et al.* ([@B15])), yet GWAS cannot directly pinpoint which genes in such genomic loci are causal to a disease. In order to identify which proteins in each of the MVP loci were actually expressed in the heart, we queried our data for their protein expression level in the LA ([Fig. 2](#F2){ref-type="fig"}). Protein abundances across the different proteins were estimated by intensity based absolute quantification (IBAQ) ([@B16]). iBAQ is an estimation that allows for abundance comparison across different proteins by correcting for protein size in order to remove MS identification bias of large *versus* small proteins. For four of the loci, we found several orders of magnitude difference between the most abundant and the second-most abundant protein encoded by a gene in the locus. Involvement of a gene in a cardiac phenotype is considered most likely if the gene is transcribed and translated; from that rationale, we suggest that our data offers an alternative way to prioritize genes in GWAS loci. That is, for four of the loci, one protein was considerably more abundant in the LA than any other protein encoded by a gene in the same locus. Thus, for these four loci, our heart proteome data point to a prioritization of the genes LMCD1, TNS1, PITPNB, and CBR1. Notably, functional evidence in support of the involvement of LMCD1 and TNS1 in MVP has been reported ([@B15]). For a fifth locus, several proteins were found at similar levels in the left atria, PAFAH1B1, SRR, TSR1, and SMG6. After querying the PheWAS database ([@B17]) we consider SMG6 as the most likely of these candidates ([supplemental Fig. S4](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). Taken together, we suggest that genes LMCD1, TNS1, PITPNB, CBR1, and SMG6 are likely candidates underlying the identification of specific loci in the MVP GWAS.

![**Protein abundance in patients with mitral valve regurgitation retrieves highly abundant gene candidates in GWAS loci previously associated with mitral valve prolapse.** For genes located in GWAS loci associated with mitral valve prolapse, we retrieved protein intensity measurements from left atrium from patients with mitral valve prolapse (points: single measurements of normalized protein intensities, bars: median). For each locus, high protein abundance singled out 1--2 gene candidates significantly higher expressed in the left atrium, the tissue where the disease manifests. (gene names highlighted in bold, *p* values: two-sided Student\'s *t* test *p* values). *GWAS*: Genome-wide association study, *MS*: mass spectrometry. Proteomics data based on biopsy measurements of seven individuals: 7 RA biopsies, 6 LA biopsies, 7 LV biopsies are underlying this analysis.](zjw0062061360002){#F2}

#### Protein Expression Differences Between Atria and Ventricle Reflect Functional Chamber Specialization

The greatest biological signal in our dataset was found when comparing the atrial proteome to that of the left ventricle, allowing detailed insights into their functional specialization at the protein level. As will be discussed in a separate section, the vast majority (\>98%) of the atrial proteome was not different between RA and LA. We thus analyzed major differences in the atrial *versus* ventricular proteome combining all atrial samples. Global statistical analysis identified a total of 741 proteins significantly over-represented in atria or ventricle ([Fig. 3](#F3){ref-type="fig"}, [supplemental Fig. S5](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1), [supplemental Table S3](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). Approximately half of these proteins (366 of them) have previously been reported as differentially expressed (([supplemental Fig. S3*C*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)), including MYL7 (the atrial isoform of the myosin regulatory chain 2 ([@B18], [@B19])), DKK3 (expressed in adult atrial myocytes but absent in ventricles ([@B20], [@B21])), and MYHBPHL (known to have high atrial and low ventricular expression ([@B22])). This consistency with previous findings supported the robustness of our experimental approach and provided additional validation for further studies using the complete dataset.

![**Differential protein expression between atria and ventricle reflect tissue specialization and reveals its molecular drivers.** Volcano plot analysis of protein expression in atria *versus* ventricle in seven individuals depicts significance of differential expression for each protein (points). Mean fold-change of protein expression between atria and ventricle (left: higher in atria, right: higher in ventricle) is plotted against statistical significance of the differential expression (two-sided Student\'s *t* test *p* value). Proteins with high differential expression at high statistical significance populate the upper corners of the graph. The analysis identified 741 proteins statistically significantly higher expressed in either atria (533 proteins, blue points) or ventricle (208 proteins, red points) at 5% false discovery rate (black line Data based on biopsy measurements of seven individuals: 7 RA biopsies, 6 LA biopsies, 7 LV biopsies are underlying this analysis.](zjw0062061360003){#F3}

Our results provided a thorough catalogue of proteins differentially expressed in atria or ventricle. We investigated whether these individual differences reflected on differences in chamber-specific protein-protein interacting networks ([Fig. 4](#F4){ref-type="fig"} and [supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). We clustered the resulting major protein networks by strength of protein association and performed enrichment analysis on each cluster ([@B23][@B24]--[@B25]). For the atria, enrichment analysis most prominently revealed overrepresentation of muscle (MYH4, MYH11, MYL4, MYL7, MYL10) and actin cytoskeleton (TMOD2, TMOD3, MO1C, ACTR3, CAPN2). Ventricular muscle network analysis also revealed enrichment of muscle and actin cytoskeleton proteins, yet the identity of those proteins was different (MYH7, MYL2, MYL3). Furthermore, the ventricular proteome was enriched for desmosomal/intercellular junction proteins (DSP, PKP2, JUP, TJP2, CTNNA1, CTTNNB1; [Fig. 4](#F4){ref-type="fig"}). And, whereas the atria showed enrichment for metabolic pathways focused on oxidation-reduction processes and small molecule metabolic processes ([supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)), the ventricular network was enriched for mitochondrial and metabolic terms likely indicative of the high-energy demand of the ventricular muscle ([Fig. 4](#F4){ref-type="fig"}).

![**Protein association network of proteins enriched in human ventricle compared with atria.** Network analysis of proteins significantly enriched in ventricle. A protein-protein interaction network was generated using the STRING database for all proteins with ventricle-specific expression. Proteins are represented by nodes, where the node size reflects measured protein abundance in the ventricle. The network was grouped by clustering of proteins according to strength of the interaction score. For each cluster, gene ontology (GO) terms and KEGG pathway associations were retrieved and resulted in functional enrichments as summarized. KEGG pathway enrichment showed overrepresentation of proteins involved in arrhythmogenic cardiomyopathy (AC) and dilated cardiomyopathy (DCM) in the ventricle. Data based on biopsy measurements of seven individuals: 7 RA biopsies, 6 LA biopsies, 7 LV biopsies are underlying this analysis.](zjw0062061360004){#F4}

To evaluate the robustness of our findings we performed an independent validation experiment based on biopsies collected from LA, RA, and LV of an additional set of three individuals undergoing mitral valve surgery. Methods of detection, measurement and analysis were the same as those used in the original series of 7 patients. The results obtained in the replication cohort were highly consistent with those obtained from the original group. Specifically, the correlation coefficients were *r* = \[0.91--0.93\] for all samples ([supplemental Fig. S7*A*--S7*D*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). In this dataset we could confirm greater abundance in atria for 477 of the proteins deemed significantly more abundant in atria, and we confirmed greater abundance in ventricles for 178 of the proteins deemed significantly more abundant in the ventricles ([supplemental Fig. S7*E*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). It is interesting to point out that proteins with preferential expression in the ventricle are also related to diseases that largely affect the ventricular tissue ([Fig. 4](#F4){ref-type="fig"}). For example, mutations in JUP, DSP, PKP2, DSG2, DSC2, CTNNA3, CDH2, or PLN (all of them more abundant in LV) predominantly lead to arrhythmogenic right ventricular cardiomyopathy, and mutations in MYH7, HSPB7, NEXN and MYPN (also all more abundant in LV) lead to dilated cardiomyopathy. In general, proteins encoded by genes with high confidence of genetic DCM causality were found to be more abundant in the left ventricle ([supplemental Fig. S8](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). These observations lead us to propose that higher protein expression in a given chamber does not reflect functional redundancy but rather, it is a manifestation of increased physiological need.

#### Transferability of Proteome Data from Seven Mitral Valve Patients to the General Population

Our data revealed differences in protein expression between the atria and the left ventricle in the population studied. As an indirect test for the robustness of our findings, we compared the experimentally-determined differential proteome with the differential transcriptome (atrium *versus* left ventricle) that can be deduced from the 190 individuals reported in the GTex v7 database ([@B26]). As generally observed for transcript and protein abundance of the total population, the correlation between gene expression and protein abundance was weak, with Spearman correlation coefficients of 0.4 for both atria and ventricle ([supplemental Fig. S9*A*--S9*B*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). Yet, when focusing on the proteins with either ventricle- or atria over-representation in our dataset, we found a preservation of the trend at the transcript level. Specifically, 85% of all atria-specific proteins and 90% of all ventricle-specific proteins showed highest transcript levels in the same chambers in the 190 individuals from GTex ([supplemental Fig. S9*C*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). Thus, the differences (atria *versus* LV) in protein abundance that we have identified in our MVP patients are likely to be manifest in the general population.

#### The Differential Proteome of the Atria in Patients with Dilated LA but No Evidence of AF

Having validated our dataset, we searched for differences in the proteome between LA and RA in our patient population. It is important to note that our samples were collected from patients with left atrial dilation because of MVP. Thus, although acknowledging that structural and functional differences between normal left and right atria exist (see Discussion), these tissues gave us the unique opportunity to investigate the differential proteome of a dilated atrial chamber (LA) *versus* that of an atrial chamber that was not dilated, namely, the RA.

Statistical analysis identified 109 proteins with significantly different expression: 42 over-represented in the LA and 67 in the RA ([Fig. 5](#F5){ref-type="fig"}*A*, [supplemental Table S4](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)). From our replication dataset, we confirmed higher expression in LA for 38 of the proteins and we confirmed higher expression in RA for 62 of the proteins ([supplemental Fig. S7*F*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)).

![**Differential protein expression between right and left atrium captures physiology and disease status.** *A*, Volcano plot analysis of protein expression in right- *versus* left atria in seven individuals depicts significance of differential expression for each measured protein (points). Mean fold-change of protein expression between RA and LA (left: higher in LA, right: higher in RA) is plotted against statistical significance of the differential expression (Student\'s *t* test *p* value). Proteins with strong differential expression at high statistical significance populate the upper corners of the graph. The analysis identified 109 proteins statistically significantly higher expressed in either LA (42 proteins, green) or RA (67 proteins, blue) at 5% false discovery rate (black line) FDR. Gene names are listed for all significant proteins. *B* and *C*, STRING-based protein-protein interaction networks for collagens (*B*) and natriuretic peptide system components (*C*) identified in our data depict protein abundance (node size) and differential expression between chambers (node color: green - higher in LA, blue - higher in RA). The networks highlight higher collagen abundance in LA (*B*) and higher abundance of natriuretic peptide signaling pathway in RA (*C*). The table shows PheWAS associations and corresponding *p* values for genes in the natriuretic peptide signaling network from the UK Biobank PheWeb, highlighting involvement in hypertension and heart block. Abbreviations: *LA*: left atrium; *RA*: right atrirum, *iBAQ*: intensity-based absolute quantification. Data based on biopsy measurements of seven individuals: 7 RA biopsies, 6 LA biopsies, 7 LV biopsies are underlying this analysis.](zjw0062061360005){#F5}

As previously reported, BMP10 was the protein with the most prominent differential expression in favor of the right atria ([@B27]). Also as expected, we observed that known protein markers for MVP ([@B28]) were highly abundant in left atria ([supplemental Fig. S4*A*](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1)), the cardiac chamber where the disease manifests. Our dataset was then used to identify other unknown differentials.

The most differentially expressed protein for the dilated left atria was THBS4. In non-diseased states of the heart, transcript levels of THBS4 have been reported predominantly for the ventricle ([@B29]), where it is known to regulate fibrosis and remodeling in response to pressure overload ([@B30], [@B31]). Its abundance in the dilated LA indicates that THBS4 may also participate in a pro-fibrotic state consequent to chamber dilation in the LA. We also found differences in the expression of cytokines (such as LTBP2, CXCL12, and TGFBI) and growth factor receptors (such as NGFR) that likely reflect the trajectory of the LA toward a pro-inflammatory, pro-fibrotic state. Gene ontology (GO) enrichment analysis revealed that in the dilated LA there was predominance of molecules involved in extracellular matrix reorganization and fibrosis, including Collagens type I, III, VI, and XII as well as FBN1, FN1, TNC, COMP, VCAN, and FMOD. Furthermore, we found an over-representation of TGFB1, a molecule previously associated not only with fibrosis but also with permanent AF (([@B32]) and see Discussion). Also related to AF -though from the point of view of inflammation - and over-represented in the LA of our patients was pentraxin 3 (PTX3). Finally, we found the abundance of TBX5, a molecule associated with AF and a gene regulatory network that maintains atrial rhythm ([@B33]), to be higher in the non-dilated RA.

To evaluate these findings in the context of atrial fibrillation, we collected cardiac tissue from LA and RA from a patient with atrial fibrillation and measured the proteomes from these samples. In [supplemental Fig. S10](http://www.mcponline.org/cgi/content/full/RA119.001878/DC1) we show that the abundance of proteins that were found to be significantly more abundant in the dilated LA of non-AF patients are expressed at similar levels in the LA of a patient with AF. As we only have data from one patient with AF, it is not possible to draw general conclusions, but our data suggest that the alterations in the protein expression of the dilated left atrium persists into the disease state of AF and yet, are not sufficient condition to underlie the disease.

#### Other Functional Networks Unveiled by the LA Versus RA Differential Proteome

Our LA *versus* RA dataset revealed other differentially expressed proteins not related to regulation of fibrosis or inflammation. We found enrichment in the RA for proteins involved in neuronal signaling (CHL1, EFNB1, L1CAM, NGFR, PIP5K1C), possibly reflecting the asymmetric autonomic innervation of the atrial chambers. Right atria were also enriched for proteins involved in natriuretic peptide signaling. To evaluate the role of our chamber specific findings on other cardiac phenotypes, we queried the phenotype wide association study (PheWAS), which is based on the UK-Biobank data of 408,961 white British European-ancestry samples representing thousands of phenotypes ([@B17], [@B34]). For proteins in the interaction network related to natriuretic peptide signaling we found that they were essentially all associated with hypertension ([Fig. 5](#F5){ref-type="fig"}*C*). These data support the notion of the involvement of the right atrium in the humoral regulation of blood pressure.

DISCUSSION
==========

### 

#### First Comprehensive Map of the Chamber-specific Human Cardiac Proteome from Live Individuals

Important differences exist in the structure and function of the four cardiac chambers. Yet, differences in their molecular composition remain poorly studied. Here, we generated a detailed, quantitative map of \>7000 proteins cataloged by chamber-specific expression. The samples, obtained from patients undergoing surgery for mitral valve replacement, were immediately snap-frozen to retain the physiological protein fingerprints of living human hearts. Our data showed improved quantitative quality compared with previous proteomics studies of human cardiac samples ([@B7]), which were affected by unspecific post-mortem protein degradation. We provide absolute protein quantification of all proteins within each chamber, as well as relative protein quantifications across chambers determined from mass spectrometry-based intensity measurements. We retrieved hundreds of chamber-specific molecular signatures and show that these meaningfully reflect the specialized functions and disease state of the respective chambers. To our knowledge, our dataset is first in identifying the differential proteome that can be obtained between a dilated LA and the non-dilated RA. Our dataset also greatly expands on the characterization of the differential atrial *versus* ventricle proteome and seeks correlation to chamber-specific disease states. However, important limitations of our study need to be considered.

#### Study Limitations

A comprehensive study of chamber-specific differences would require us to include samples from the right ventricle; yet, that cardiac region was not accessible through the surgical approach applied to the MVP patients. We do acknowledge that characterization of the differential RV *versus* LV proteome is a fundamental question of great potential impact; yet, as we show in our study, chamber-specific differences are best studied when the samples are collected from living individuals, even if at the expense of limits in the areas accessible to data collection.

The quantitative proteomes we present are covered at great depth, but we cannot be certain that our protein measurements covered the entire protein population because of limitation in instrument sensitivity. In that sense, absence of measurement of a protein in our experiments does not reflect an altogether absence of the protein in the measured samples.

Our measurements originate from tissue samples, which intrinsically bare more heterogeneity than *e.g.* cell lines. We ensured that blood contamination was not a confounding factor for protein quantification across cardiac chambers. Although some proteins can be attributed to certain cell types like cardiomyocytes, our data should be complemented with cell-specific measurements in the future to further differentiate the role of different cell types and their proteomes in cardiac function.

To characterize the proteome of the dilated left atria, we used the right atrial samples as reference. In doing so, we cannot be sure that all differences observed are consequent to the dilation of the tissue, rather than intrinsic to the native differences between the two atria. Although this question cannot be formally answered without studying samples from healthy individuals (which of course, faces obvious ethical limits), it is worth noting that the fraction of proteins with differential LA *versus* RA expression was less than 2% of the total and that in this differential, we identified molecules previously linked to remodeling processes known to occur in stressed tissue, namely, fibrosis, inflammation, and transcriptional modulation. It is appealing to evaluate the proteome of the dilated left atria from the point of view of relevance to atrial fibrillation. Inclusion of a single patient with atrial fibrillation has partially allowed for the comparison, but not in a quantitative manner. Furthermore, for an extensive evaluation of changes in a dilated left atrium in a pre-AF stage, it would be a necessity to stratify how risk factors such as age, sex, and hypertension would affect the results.

Although finding signs of a stressed tissue in the proteome of the LA was expected, the identity of the specific molecules that were differentially expressed was not predictable from the outset. Our study therefore carries its significance not only in identifying molecular groups that associate with a function, but also in singling out the specific elements of a network that deviate from the reference.

#### MVP and the Proteome

Our samples were obtained from patients with MVP and as such, we had the opportunity to study human heart proteome in the context of this disease. As a further step, we intersected our data with GWAS-based information on disease-associated loci ([@B35]). Indeed, an inherent difficulty of GWAS is to pinpoint the specific part of a locus that is causal of the phenotype, because each locus contains multiple genes. By intersecting existing genomic with proteomic data we not only corroborated gene associations for two molecules (LMCD1 and TNS1), but also yielded three new products (PITPNB, CBR1, and SMG6) as potentially linked to the disease. Our approach is not proof of involvement of these proteins in MVP; it is an additional way in which candidate genes in a genome-wide significant locus can be prioritized as potential participants in the resulting phenotype. Further studies will be necessary to corroborate this association.

#### The Atria Versus Ventricle Proteome

Quantification of proteins from the left ventricle allowed us to identify the molecular differences between the LV and the atria. Using the GTEx transcriptome database, we found that most of the differentially expressed proteins were also different at the transcript level. This strongly suggests that the differential is largely established because of gene regulation. The mechanisms of this regulation are not known, but likely involve mechanosensitive transcription factors. Furthermore, we found that molecules identified with familial cardiomyopathies that manifest primarily in the ventricle (such as desmosomal molecules in ARVC) were strongly over-represented in the ventricle. This indicates that over-expression is not a manifestation of redundancy but a requirement to maintain the physiological demand.

#### The Differential Proteome of a Dilated, Non-fibrillating LA

The association between left atrial dilation and AF is well established ([@B36]). Recent studies have also associated AF to fibrotic and inflammatory processes ([@B37]), as well as to transcriptional reprogramming ([@B32]) (see below). Yet, there is a paucity of evidence as to whether, in the human atria, these molecular changes precede, exist independent of, or are a consequence of the persistent fibrillation of the atria. Our data show that protein changes previously linked to persistent AF are actually present in the heart of patients with no evidence of persistent AF. These include PTX3, TGFB1 and TBX5. PTX3 represents a rapid biomarker for local innate immunity activation and inflammation, and atrial PTX3 concentrations were found to be higher in patients with persistent AF ([@B37]). TGFB1, on the other hand, stimulates the collagen-producing myofibroblasts thus contributing to cardiac fibrosis ([@B38]), and mRNA expression of TGFB1 has been found up-regulated in the atria of patients with permanent AF ([@B32]). Finally, TBX5, is a molecule associated with a gene regulatory network that maintains atrial rhythm ([@B33]). Its over-representation in the RA may signal a down-regulation in the LA, a modification that would be pro-AF, based on recent studies ([@B33]). Yet, although these three indicators of persistent AF were modified in the heart samples of our patients, persistent AF was not detected. As such, our data strongly indicate that these specific molecules, albeit linked to the disease, are not enough to support persistent AF. From that perspective, our study reveals the proteome of a left atrium either in the pre-AF, or in the non-AF stage and establishes a clear boundary between what is sufficient (or not) to obtain the persistent AF phenotype.

Though our studies did not directly document atrial fibrosis, we do document a pro-fibrotic molecular profile in the LA, consistent with the expected consequence of tissue dilation. More importantly, our study advances new knowledge by revealing the identity of the pro-fibrotic molecules present at this stage and as such, provides an entry point to a better understanding of the molecular steps and the possible biomarkers that can identify a pro-fibrotic, non-AF stage.

#### Conclusion and Outlook

We have generated the most comprehensive protein map of the heart from samples obtained *in vivo*. We show that the use of samples acquired *in vivo* (vis-à-vis post-mortem) greatly improves the quantitation of proteins across samples. We combine the power of proteomics with that of other big data sets to identify new gene candidates involved in MVP, to suggest that atria *versus* ventricle differences originate primarily at the level of gene regulation and to propose that excess abundance of proteins in the ventricle reflect not redundancy, but functional need. Most importantly, we provide the first proteome of human dilated LA in a non-AF state and show that increased levels of proteins previously associated with sustained AF are not enough to generate the disease state. Identification of chamber-specific differences can lead the way to the development of chamber-targeted therapeutic strategies.
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